A number of recent reports concerning the inhibitory action of sulphated polysaccharides on d strains of poliovirus prompted a reinvestigation of the factors involved. It was found that polyglucose compounds in agar are not released in concentrations sufficient to inhibit viruses under the overlay conditionsused for suppressing d strains of poliovirus. Furthermore, sulphated polyanions in agar cannot be the critical factor, since d strains of poliovirus are also suppressed under other solidifying agents (starch gel and methylceIlulose) which are free of sulphated polyglucose. Purified agar free of sulphated polysaccharides, used with medium containing a low bicarbonate concentration attains the same high pH after equilibration as regular agar (containing polyanions) made up with high concentrations of bicarbonate, and it is this high pH which appears to explain the ready growth of d strains of poliovirus.
INTRODUCTION
described the d marker test for poliovirus strains. Attenuated strains manifested a reduced efficiency of plating under acid-agar overlays, and it was postulated that the d character derived from a gradual decrease, under acid agar, in the susceptibility of host cells to d strains. A number of investigators have studied the factors involved. Hsiung & Melnick (1958) reported that d strains in cultures maintained in fluid medium with low bicarbonate multiplied as well as in cultures maintained with high bicarbonate. Sabin (1957) demonstrated that d strains could be inhibited in fluid cultures with low bicarbonate only if the screw caps were loosened at intervals to allow the CO~ to escape. Similarly, Mosley & Enders (1962) showed that d strains of poliovirus were inhibited in cultures maintained in bicarbonate-free, high-pH medium (tris buffer) if the cultures were maintained with cotton plugs to vent the metabolic CO2. However, Agol & Chumakova (I962a) attributed the d marker to a combination of pH and ionic strength. These workers showed that d strain plaque counts were the same in high and low bicarbonate overlays if the low bicarbonate overlay contained added NaCI to compensate for the difference in Na ions between high and low bicarbonate medium. Later, Agol & Chumakova (I 962 b) came to the conclusion that anionic polymers (sulphated polysaccharides) in agar were responsible for the d marker. Liebhaber & Takemoto (1963) concurred with these conclusions.
A number of viruses are inhibited under agar overlays in conventional, alkalineagar media, and this inhibition has also been attributed to polyanionic inhibitors in agar. Since cationic polymers added to agar enhance plaque formation, it has been concluded that the cationic compounds bind the sulphated polymers (Liebhaber & Takemoto, 196I) . Virus attachment and penetration of host cells are prevented by high concentrations of material extracted from agar or by synthetic polyglucose compounds, i.e. dextran sulphate (Liebhaber & Takemoto, 1963; Schulze, 1964; Takemoto & Fabisch, 1964; Styk & Rada, 1964; CoRer, Davies & Campbell, 1964) . It has been suggested that virus attachment to cells is blocked as a result of interaction between virus particles and inhibitor, forming a non-infective, virus+inhibitor complex. Evidence has also been presented to show that virus multiplication is interfered with as a result of the sulphated polymers entering cells and interfering with replication of viruses (Styk & Rada, I964; Takemoto & Spicer, I965) .
We have been led to a reinvestigation of this area because of the following observations. The inhibitory effects shown by agar extracts and synthetic polymers on viruses were demonstrated by using them in high concentration which may be misrepresentative of actual conditions under agar overlays. Thus, Takemoto & Fabisch (1964) inoculated cultures with 5o p.f.u, of influenza virus contained in 8o#g. of agar inhibitor and showed a 3o to 5 ° % reduction in virus adsorption to cells; Takemoto & Spicer (1965) also showed that in cells pretreated with 5o/zg./ml. dextran sulphate, the growth of herpes virus was inhibited. However, no report has been published to show that such high concentrations of polyions are released from agar during incubation under overlay conditions. We have not been able to extract 50 #g./ml. sulphated polyanions from agar by shaking 3 ° g. of agar vigorously with 5o0 ml. saline overnight at 25 °. Thus, the release of high concentrations of these inhibitors from agar during the course of contact with cells is unlikely. Furthermore, polymer activity might be a function of concentration; thus, protamine sulphate, which enhances plaque formation of certain viruses, will be inhibitory if used in excess (Campbell & CoRer, 1965) .
In our hands, highly purified agar free of detectable amounts of sulphated anions does not enhance plaque formation of viruses to the same degree as crude agar (rich in anionic polymers) treated with protamine or DEAE-dextran. Similar results have been obtained by others (Campbell & CoRer, 1965) . Thus, plaque enhancement by protamine and DEAE-dextran is probably due to factors other than the binding of sulphated polyanions (Wallis & Melnick, 1968) . This possibility has also been raised by Campbell & Colter (1965) .
The current report is concerned with further investigation of the mechanism of plaque inhibition of d strains of poliovirus under acid agar.
METHODS

Monkey kidney cells.
Kidneys from immature rhesus monkeys were trypsinized and grown in Melnick's medium A with 2 % calf serum, and maintained in protein-free medium B.
Viruses. For the virus having the d marker, a plaque-purified line of the LSC strain used in the oral poliovirus vaccine was used. As a control, the Mahoney strain, which is d ÷ (grows equally well under high and low bicarbonate agar overlay), was used throughout.
Virus assays. The plaque-forming unit (p.f.u.) method was used in 1 oz bottle cultures with overlay medium consisting of Earle's salt solution, 1/6o,ooo neutral red, o. i % skim milk, and 1.5 % Bacto-agar (Difco). Unless otherwise indicated for specific experiments, the NaHCO3 concentration was 0"4 %. When d tests were performed, high NaHCO8 (0"4 %) or low NaHCO3 (0"07 %) was used as indicated (Hsiung & Melnick, 1958) .
Other solidifying agents. Bacto-agar was used unless specified otherwise. This agar is rich in sulphated polysaccharides. This agar and the solidifying agents described below were made up for use in the same way so that all overlays were identical with the exception of the solidifying agent.
Purified agar. Bacto-agar was processed to remove the sulphate compounds as described by Agol & Chumakova (I962b) . Since the saline washings still left the agar with trace amounts of polyanions, the saline-washed agar was autoclaved and while hot was treated with DEAE-cellulose. The hot agar+cellulose mixture at pH 6 was clarified through gauze, and then through an AP 20 fibreglass pad (Millipore Corp.), and then filtered through a 450 m/z Millipore membrane to remove all small particles. This filtrate was crystal-clear and no detectable anionic polymers were present.
Agarose. A purified agar free of anionic polymers was obtained from EastmanKodak Co. 
Starch gel
Methylcellulose. Prepared as described by Rapp (1963).
Additives. Protamine sulphate (salmine) (Nutritional Biochemical Corp.), DEAEdextran and dextran sulphate (2000) (Pharmacia) were used at the concentrations indicated. Agar extract was obtained by vigorous agitation of Bacto-agar in saline for 48 hr and standardized against dextran sulphate using a precipitation end point with DEAE-dextran.
RESULTS
High concentrations of anionic polymers bind viruses and prevent their adsorption to cells. To our knowledge, no work has been done with low concentrations such as would be released from an agar overlay. To determine the mechanism of inhibition of d virus under agar overlays, experiments were made simulating the actual conditions of virus release from ceils under agar into the extracellular agar environment.
Adsorption of virus to agar surfaces
Agar surfaces were prepared by allowing 4 ml. of complete agar medium (high and low sodium bicarbonate) to solidify on the fiat I2 cm. ~ surface of a I oz prescription bottle. Since virus is usually released along with products synthesized by the cells, the test virus was placed in fluids obtained from normal cultures maintained for 3 days in agar medium (high and low sodium bicarbonate, but without agar and neutral red). Virus was also placed in freshly prepared high and low bicarbonate medium. Solidified agar surfaces were inoculated with IOOO p.f.u, of LSC virus in 0"I ml. of the fluids described. The inoculum was distributed over the agar surface, and then after I hr, o'9 ml. of each diluent was added to each agar surface. Unadsorbed virus was recovered by gently rocking the bottle, and the recovered fluids were assayed for virus. A control of virus held in agar-free bottles was also diluted ten-fold and assayed. The quantity of virus recovered from agar surfaces was the same as that from glass. No differences were found in virus recovered from low or high bicarbonate agar surfaces inoculated with virus contained in low or high bicarbonate medium.
The next experiment was carried out by extraction of agar with fluids without agitation, simulating the natural conditions of overlays. Fluids in 2 ml. volumes from 3-day cultures and high and low bicarbonate agar-free medium were placed on high and low complete agar medium surfaces and the bottles were held at 37 ° for 4 days. The fluids were recovered from the agar surfaces and then used as diluent for virus to determine if inhibitors in agar had been released by this long extraction period. There was no significant difference in adsorption to monkey kidney cells when virus diluted in these agar extracts was compared to virus diluted in freshly prepared medium. In addition, the agar surfaces used to obtain these extracts were tested to determine if they would adsorb virus suspended in freshly prepared low and high bicarbonate medium, but no adsorption to the agar occurred even after a contact period of I hr at 37 ° .
Effects of anionic polymers
Dextran sulphate prevents the growth of viruses, but this synthetic polymer was not a satisfactory model for natural polyglucose compounds in agar. Monolayers of monkey kidney cells were overlaid with agar-free fluid medium with high and low bicarbonate, and also with a sloppy agar medium (0"75 %), again with high and low bicarbonate. Neutral red was omitted from all cultures in these experiments. Representative fluid and agar overlays also contained 2oo #g./ml. dextran sulphate or 2oo/zg.] ml. of agar extract. After 4 days' incubation at 37 °, the fluid medium and the sloppy agar were decanted from the cultures. The drained cultures were then inoculated with virus at an input of IOO p.f.u./culture, and overlaid with conventional high bicarbonate agar medium. Plaques were counted 2 days later. Pre-treatment with dextran sulphate prevented virus replication, but holding cultures under fluid or sloppy agar medium without dextran sulphate for 4 days before virus inoculation did not reduce their viral sensitivity (Table I) . Thus, pre-treatment with anionic polymers naturally present in the agar, or agar extract added to agar, did not reduce cell susceptibility. It is apparent that dextran sulphate and natural polymers do not function similarly, and previous work with the synthetic polyglucose cannot be used as a true model for agar extracts.
Diffusion of virus through agar
Since the agar extract did not prevent adsorption of virus to cells or interfere with virus replication, the diffusion kinetics of virus through agar were studied to determine if this was influenced by the polymers. Plaque formation under agar requires virus diffusion through or under agar rather than cell-to-cell transmission. If plaques were formed by cell-to-cell transmission of virus, it would require at least I5 to 30 days for a rapidly growing virus to produce a visible plaque. The fact that virus diffusion through or under agar is required to form a plaque is supported by the observation that no plaques were formed under agar overlays containing homotypic antibody.
The following experiment was made to determine if agar components affected virus diffusion. Cell monolayers were overlaid with 6 ml. of 0"75 % agar medium (high and low bicarbonate). After the agar overlays had solidified, the agar surfaces were inoculated with Iooo p.f.u, of virus contained in o-z ml. of the same agar used for overlays, but with the agar cooled to 37 °. Inclusion of the cooled agar in the inoculum prevented any virus fluid from diffusing down the sides of the agar and reaching the cell monolayer. At o, 2, 4 and 8 hr the inoculated cultures were freed of the sloppy agar by decantation. The cultures were washed with fluid medium and overlaid with regular high bicarbonate agar medium. From 4 hr the amount of virus recovered was the same regardless of whether virus had diffused through high or low bicarbonate medium. Thus the d marker cannot be attributed to inhibitors in the agar preventing virus diffusion.
The role of acid environment
Since agar components were evidently not implicated in the expression of the d marker the original view of Vogt et aL (I957) , that acidity is responsible for this marker, was re-investigated. Hsiung & Melnick (I958) had shown that the titre of d virus grown in fluid cultures under a low concentration of sodium bicarbonate was not reduced, in contrast to the low titres under agar. To study this further we followed both cytopathic changes and virus yield in fluid cultures; this was done to simulate the recycling of virus growth under agar. Cultures were drained and inoculated with LSC d virus with an input of 30 to 50 p.f.u, culture. The cultures were maintained with high and low bicarbonate fluid medium (without agar and neutral red). At intervals of 24 hr cultures were scored for the degree of cytopathic change, harvested, and assayed for total p.f.u, yield. LSC virus replicated in low bicarbonate medium, as has been reported, but did not produce concomitant cytopathic changes as early as in high bicarbonate medium (Fig. 0 . At the highest point of virus replication, all the cells showed cytopathic changes in high bicarbonate medium, whereas in low bicarbonate medium no cell changes were detectable until 24 hr later.
Effects of different solidifying agents
The experiments described above supported the theory of the original workers (Vogt et aL I957) that the d marker is due to the low bicarbonate environment.
However, Agol & Chumakova (i962b) later attributed the d marker to the inhibitors in agar that function at low pH values and Liebhaber & Takemoto (I963) supported this view. The d marker was reported to be abolished if'inhibitors' were removed from the agar. However, the agar medium was not monitored to determine the buffering activity of agar with and without anionic polymers. The following experiment was therefore performed. Cultures were inoculated with an input of about IOO p.f.u, d virus and then they were overlaid with complete medium contained in the following solidifying agents: purified agar prepared at this laboratory by treatment with DEAEcellulose; agarose which is free of anionic polymers; starch gel and methylcellulose. The last two solidifying agents were known to be free of sulphated polysaccharides. Each overlay system was used at low and high bicarbonate concentrations. After overlaying the cultures, representative overlays were also placed in test tubes for pH determinations 4 hr after the agar had solidified.
There was a close relationship between pH of the overlay and the d marker (Table z) . Starch gel and methylcellulose, which were free of sulphated polysaccharides, completely inhibited LSC virus under low bicarbonate overlays, and the pH of the low bicarbonate medium was the same as that of the Bacto-agar medium with low bicarbonate (pH 6"9 to 7" 0. Actually, in methylcellulose overlay a partial plaque inhibition in high bicarbonate was observed since the plaques were only I mm. in diameter, but the pH of this overlay was relatively low, being 7"4-The purified agars under low bicarbonate overlays allowed a number of plaques to develop, but the pH of the overlay proved to be approximately the same as Bacto-agar high bicarbonate overlays (pH 7"7 for high bicarbonate Bacto-agar, pH 7"4 to 7"5 for low bicarbonate purified agar overlays). 
The effects of cationic polymers
In orientation experiments, cationic polymers were found to inhibit the full expression of the d marker. If products synthesized under low bicarbonate media prevent cytopathic changes from developing, such products may be bound by cationic polymers. This would tend to abolish the d marker. The following experiment was performed to determine whether this effect occurred.
Cultures were inoculated with an input of IOO p.f.u, of d virus and representative cultures were overlaid with high and low bicarbonate medium with and without cationic polymers. Bacto-agar and methylcellulose were used as solidifying agents. Five #g./ml. cationic polymers were used in methylceUulose overlays. Concentrations of 25 #g./ml. cationic polymers are toxic to cells in this overlay since methylcellulose does not contain polyanions. In agar overlays the major portion of the added cationic polymers is bound by the sulphated anions and thus the high concentrations (4oo/zg./ ml.) used were not toxic. To control the Na + concentration of the medium, NaC1 was added to low bicarbonate agar overlays to compensate for the difference in Na + between high and low bicarbonate medium. After 48 hr plaques were counted (Table 3) . The cultures with NaC1 or cationic polymers added to low bicarbonate agar did not contain fewer plaques, but the plaques were smaller, being similar to those in the control low bicarbonate overlay. The methylcellulose overlay also allowed the d marker to become manifest, but the d marker was completely abolished in the presence of cationic polymers or NaC1.
DISCUSSION
Anionic polymers are known to inhibit viral replication (Takemoto, I966 ) . However, under normal conditions, agar overlays do not release a sufficient concentration of inhibitors to affect the adsorption of LSC poliovirus to cells, nor do such inhibitors, if released, interfere with virus replication. Although anionic polymers have been incriminated as inhibitors of plaque formation for a variety of viruses, we have recently demonstrated (Wallis & Melnick, 1968 ) that cationic polymers, by virtue of their positive charge, enhance the diffusion of viruses under or through agar (or methylcellulose or starch gel). Thus, although the d marker is expressed under acid conditions, cationic polymers can abolish this marker. This abolition of the d marker is not due to the direct binding of sulphated polymers in the agar, since the d marker is also abolished by the same cationic polymers under methylcellulose overlays, which are free of sulphated polyanions. The d marker is therefore apparently dependent upon the acid environment which inhibits virus expression, as postulated a decade ago (Vogt et al. I957; Hsiung & Melnick, I958) .
